Heat shock led to marked changes in the apparent levels of phosphorylation of nuclear proteins in the fungus Achlya ambisexualis. We characterized these heat shock-induced changes in nuclear proteins on two types of two-dimensional polyacrylamide gel systems. We report here that one of two Achlya H3 histones (H3.1) and also the oomycete histone a appear to be highly phosphorylated with heat shock. Additional changes observed in acid-soluble nuclear proteins included an apparent increase in the 32p labeling of a 43,000-molecular-weight protein and the dephosphorylation of a major group of Achlya phosphoproteins in the 30,000-to-32,000-molecular-weight range. The changes in protein phosphorylation were accompanied by striking changes in the morphology of Achlya nuclei. Nuclei in the heat-shocked cells, but not in control cells, exhibited marked chromatin condensation and contained bundles of filaments which were approximately 4 nm in diameter. Concomitantly, the bulk of chromatin from heat-shocked nuclei showed a decreased sensitivity to digestion with the enzyme DNase I relative to chromatin from control cells.
We have previously reported that in the aquatic fungus Achlya ambisexualis at least 10 molecular weight classes of proteins (96,000 [96K], 85K, 70K to 74K, 43K, 28K, 27K, 24K, 23K, and 18K) are synthesized within 20 to 60 min after a rapid elevation of temperature (heat shock) from 28 to 37°C (29, 30) . This heat shock response was accompanied by changes in the levels of phosphorylation of several nuclear proteins, including acid-insoluble proteins, as well as the apparent marked phosphorylation of two Achlya histones.
In higher eucaryotes and also in the slime mold Physarum polycephalum, the phosphorylation of histone H3 and histone Hi is associated with the condensation of chromatin during mitosis (3, 7, 13, 14) . The apparent phosphorylation of Achlya histones during heat shock was therefore of particular interest to us, since Achlya nuclei normally contain no discernible heterochromatin and Achlya chromosomes like those of the related water mold Saprolegnia ferax (15) are not thought to condense even when cells are undergoing mitosis.
We therefore undertook a study of the possible heat shock-induced morphological changes in Achlya nuclei. We also characterized further the heat shock-induced changes in 32p labeling of Achlya nuclear proteins. We report here that both a subtype of Achlya histone H3 and also the oomycete histone a appear to be highly phosphorylated with heat shock. This is accompanied by striking changes in the morphology of Achlya nuclei. Although control nuclei contained no discernible heterochromatin, nuclei in the heatshocked cells exhibited marked chromatin condensation. In addition, the heat-shocked nuclei contained bundles of parallel-oriented filaments which were not observed in the control nuclei. Consistent with the observed condensation of chromatin, the bulk of chromatin from heat-shocked nuclei showed a decreased sensitivity to digestion with the enzyme DNase I relative to chromatin from non-heat-shocked cells.
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MATERIALS AND METHODS Cell culture, labeling, and heat shock. Cells of A. ambisexualis J. Raper E87 were grown as described elsewhere (29) . Before labeling, cells were collected by filtration, transferred to a phosphate-reduced (0.004 mM) mating medium described by Barksdale and Lasure (2) and allowed to equilibrate for 2 h. All cells were prelabeled at 28°C with 12 i,Ci of carrier-free 32P, per ml (New England Nuclear Corp.) for 30 min. Cells were then either maintained at 28°C for an additional 60 min (control) or subjected to a rapid elevation of the temperature to 37°C as described previously (29, 30) and then maintained at 37°C for an additional 60 min (heat shock). Thus, the total labeling period in the presence of 32p; for both control and heat-shocked cultures was 90 min.
Preparation of acid-soluble nuclear proteins. The nuclear isolation procedure and extraction of acid-soluble nuclear proteins were done as described previously (27) .
Gel electrophoresis. Acid-soluble nuclear proteins were analyzed on two different two-dimensional gel systems. First-dimension gels consisted of either an acetic acid-urea (23)-polyacrylamide slab gel prepared and run as described previously (25) or a Triton X-100-acetic acid-urea-polyacrylamide slab gel prepared as described by Zweidler (37) . Proteins were electrophoresed in the second dimension on 15% sodium dodecyl sulfate (SDS)-polyacrylamide slab gels prepared as described by Studier (32) with the discontinuous buffer system of Laemmli (20) . Molecular weight markers and isolated Achlya histone markers were electrophoresed at the sides of the second-dimension gel as reference standards. After the gels were dried, the above Coomassie blue-stained standards were marked with radioactive ink and autoradiograms were prepared with Kodak XAR film. To identify phosphorylated proteins, the autoradiograms were superimposed over the dried Coomassie blue-stained gels and also over other autoradiograms. The exact positioning of autoradiograms on dried gels was aided by the presence of the Coomassie blue-stained protein patterns. The positioning of one autoradiogram over another was aided by the reference standards which had been marked with radioactive ink and by internal standards consisting of nuclear phosphoproteins which had similar levels of labeling on both heat shock and control autoradiograms.
Electron microscopy. For electron microscopy studies cells were grown as described above. Tissue was fixed and prepared for electron microscopy as described by Heath (16) .
DNase I digestion. For DNase I digestion studies, cells were grown in Barksdale mating medium (2) and labeled for 18 h with 1 ,uCi of [methyl-3H]thymidine per ml (New England Nuclear Corp.). Growth, heat shock conditions, and the nuclear isolation procedure were as described previously (29) . Nuclei were purified from equal wet weights of control and heat-shocked cells, suspended in buffer (40 mM spermine, 1 mM spermidine, and 10% glycerol), and washed once. Samples were hydrolyzed in 0.5 N perchloric acid before determination of the DNA concentrations, using the Dische diphenylamine reaction (5). The remaining nuclei were then resuspended in RS buffer (3 mM MgCl2, 10 mM NaCl, 10 mM Tris-hydrochloride [pH 7.4] ) such that the DNA concentrations were equal in the heat shock and control samples. Digestion was carried out by using 0.025 ,ug of DNase I (Sigma Chemical Co.) per ,ug of DNA at 37°C for the times indicated, and the reaction was stopped by plunging the sample tubes into ice and adding cold EDTA to a final concentration of 30 mM. Samples were made to 10% with trichloroacetic acid and incubated on ice for 60 min before the acid-insoluble material was pelleted at 7,500 x g for 15 min. The pellets were washed once with 10o trichloroacetic acid and solubilized in 0.3 N NaOH. Radioactivity in the acid-soluble and acid-insoluble fractions was determined by liquid scintillation counting, and the percent soluble counts per minute (cpm) was calculated as acid-soluble cpm/acidsoluble cpm + acid-insoluble cpm. Three replicates from each sample were taken for scintillation counting, and three complete replicate experiments were conducted.
RESULTS
Analysis of acid-soluble proteins from heat-shock and control nuclei. We previously reported that in A. ambisexualis a rapid increase in temperature from 28 to 37°C resulted in a marked increase in phosphorylation of two acid-soluble nuclear proteins (29, 30) . These phosphoproteins were not further characterized in the earlier report. On one-dimensional SDS-polyacrylamide gels, one of these heat shockinduced phosphoproteins migrated with Achlya histone H3, and the other migrated to a position on the gel between that of Achlya histone H2A and the oomycete histone a (27, 28) . Since A. ambisexualis has two H3 subtypes which are not resolved on single-dimension SDS-polyacrylamide gels (D. Pekkala and J. C. Silver, manuscript in preparation) and since the increased 32p labeling could not be clearly associated with either H2A or a on single-dimension gels, further analyses were carried out on two different types of twodimensional gel systems, in which the resolution of histones is greater than on one-dimensional systems. On both twodimensional systems, the designation of the Achlya histones was made possible by their previously established electrophoretic mobilities (27, 28) and by peptide mapping studies (Pekkala and Silver, in preparation).
Acetic acid-urea-polyacrylamide:SDS-polyacrylamide twodimensional gels. The first type of two-dimensional system we used contained the acetic acid-urea-polyacrylamide gel system of Panyim and Chalkley (23) in the first dimension and an SDS-polyacrylamide gel in the second dimension ( Fig. 1A through C) . The designation of the Achlya histones shown in Fig. 1A was made possible from their known electrophoretic mobilities on one-dimensional SDS-polyacrylamide gels (27, 28) . Shown for comparison on the left side of Fig. 1A are Achlya histone markers which were electrophoresed in the second dimension only. Based on peptide mapping (Pekkala and Silver, in preparation), the band previously designated as oomycete histone fi (27, 28 ) is now designated as histone H3.1.
In the acetic acid-urea-polyacrylamide:SDS-polyacrylamide two-dimensional gel system, only two acid-soluble nuclear proteins migrating in the histone region of the gel were observed to be highly phosphorylated with heat shock (Fig. 1C) . This result is consistent with our earlier observation on single-dimension gels (29, 30) of only two heat shockinduced changes in apparent histone phosphorylation. The slower-migrating phosphoprotein appeared to correspond to Achlya histone H3.1 rather than to histone H3.2, whereas the faster-migrating phosphoprotein appeared to correspond to Achlya histone ot. However, the close proximity on this gel system of H3.1 to H3.2 and of ot to H2A did not permit a clear designation of the phosphoproteins. Therefore, Achlya acid-soluble proteins were analyzed further on a second type of two-dimensional gel system. Triton X-100-acetic acid-urea-polyacrylamide:SDS-polyacrylamide two-dimensional gels. On the two-dimensional system which was composed of a Triton X-100-acetic acidurea-polyacrylamide gel (37) in the first dimension and an SDS-polyacrylamide gel in the second dimension the mobilities of Achlya histones H2A and ot differed markedly from one another ( Fig. 2A) . Also, Achlya histones H3.1 and H3.2 could be resolved into two well-separated spots. Figure 2B shows the pattern of phosphorylation exhibited by Achlya acid-soluble nuclear proteins isolated from cells incubated under control conditions (28°C). Histones H3.1 and H3.2 both appeared slightly labeled, with H3.1 being somewhat more heavily labeled than H3.2. Histone ot exhibited only a slight degree of labeling at 28°C.
After heat shock (Fig. 2C ) a marked increase in the apparent 32p labeling of histone H3.1 was observed. By superimposing autoradiograms and Coomassie blue-stained patterns as described above, it was possible to clearly establish that the increased 32p labeling corresponded to histone H3.1. Furthermore, although the phosphorylation of H3.1 appeared to increase, phosphorylation of histone H3.2 appeared to decrease. Since this second two-dimensional gel system allowed for a wide separation of Achlya histones H2A and a, confirmation could be obtained that it was histone a rather than histone H2A which appeared to be highly labeled in response to heat shock (Fig. 2C ).
The Triton X-100-acetic acid-urea-polyacrylamide:SDSpolyacrylamide two-dimensional gel system also permitted better resolution of the heat shock-induced changes in 32P labeling observed for several higher-molecular-weight nuclear proteins which coisolated with the histones. Although the 32p labeling of many of these high-molecular-weight acidsoluble proteins appeared to diminish with heat shock, a protein having an apparent molecular weight of 43K exhibited increased labeling (Fig. 2B and C, circles) . The behavior of a group of phosphoproteins in the 30K-to-32K-molecularweight range was also of interest ( Fig. 2B and C, brackets) . At control temperatures (28°C) these proteins represented major phosphoproteins and they appeared to exhibit a similar high degree of 32p labeling. At the heat shock temperature (370C) the 32p labeling of these proteins diminished markedly, although one of the 32-kilodalton (kd) proteins retained a somewhat higher level of phosphorylation than did the other proteins in the group. Proteins exhibiting similar heat shockinduced changes in apparent levels of 32p labeling and which had an electrophoretic behavior on Triton X-100-acetic acid-urea-polyacrylamide:SDS-polyacrylamide two-dimensional gels very similar to the 30-to 32-kd group, could be isolated from Achlya ribosomes. Preliminary studies suggest that certain of these 30-to 32-kd proteins may represent Achlya ribosomal protein S6 (Pekkala and Silver, in preparation).
Electron microscopy of heat-shocked and control hyphae. To determine whether the heat shock-induced changes in the phosphorylation of nuclear proteins might be associated with a morphological change in nuclei, control, and heat-shocked hyphae were fixed and embedded for electron microscopy. Two typical hyphae from each treatment were selected for serial section. Each coenocytic hypha contained many nuclei spreading from the hyphal tip back to the highly vacuolate area. In the control hyphae (Fig. 3a) , all of these nuclei were typical oomycete nuclei (16, 18) bore one or two pairs of extranuclear centrioles, and were accompanied by cytoplasmic microtubules (Fig. 3a) . Inside these nuclei the nucleoplasm was typically homogeneous in appearance, lacked any condensed chromatin, and contained only a nucleolus and kinetochore microtubules (Fig.  3a, arrow) . None of the control nuclei contained any filamentous material.
In contrast to control nuclei, those from heat-shocked hyphae all contained extensive condensed heterochromatin which extended throughout the nucleoplasm (Fig. 3b though  d) . In addition, most contained one or more bundles of parallel oriented filaments (Fig. 3b through d) . The thickness of the individual filaments was not easily measured but appeared to be ca. 4 nm. Although not all profiles of all nuclei showed such bundles and we did not serially section all nuclei, the bundles were sufficiently frequent for us to believe that all nuclei probably contained at least one bundle. The bundles may lie deep in the nucleoplasm or may extend to cause protrusions of the nuclear envelope ( Fig. 3b  and d) . The heat-shocked nuclei appeared to retain normal complements of nucleoli, centrioles, cytoplasmic microtubules, and intranuclear microtubules (Fig. 3d, arrows) . The cytoplasm of the heat-shocked hyphae did not appear to differ significantly from that of control hyphae.
DNase I digestion of chromatin. To determine whether the observed phosphorylation of histones and the condensation ofAchlya chromatin was associated with changes in sensitivity to the enzyme DNase I, cultures were labeled with [methyl-3H]thymidine and then either subjected to heat shock or left at control temperatures. Nuclei were then isolated, the chromatin was digested with DNase I, and the percent acid-soluble cpm was determined as described above. Results of a typical experiment are shown in Fig. 4A . Heat shock appeared to alter the pattern of sensitivity to DNase I digestion exhibited by Achlya chromatin. At lowpercent digestion (up to 20%) the chromatin from heatshocked cells appeared more sensitive to DNase I digestion than was control cell chromatin. However, above ca. 20% digestion, the heat-shocked cell chromatin appeared less sensitive to the enzyme than was the control cell chromatin. Three replicate experiments were conducted. Data from the three experiments were compared by the method of Vavra et al. (34) which plots percent digestion of the heat-shocked cell chromatin against percent digestion of the control cell chromatin for each time point (Fig. 4B ). This plot calculated that equal rates of digestion of the heat-shocked cell and control cell chromatins would result in a 450 straight line (Fig. 4B,  dashed line) . A plot of the data from replicate experiments (Fig. 4B, solid line) did not result in a 45°straight line. Instead, the heat-shocked cell chromatin appeared slightly more sensitive to DNase I digestion than was control cell chromatin up to ca. 20% digestion, whereas the bulk of the heat-shocked cell chromatin, i.e., greater than 20% digestion, appeared to be consistently less sensitive to DNase I than was the control cell chromatin.
DISCUSSION
Nuclear morphology in the oomycete fungus A. ambisexualis was altered dramatically by heat shock. Nuclei in the control cells appeared typical of the oomycetes (15, 16, 18) in that they lacked heterochromatin and contained a nucleolus and microtubules with no other nuclear inclusions apparent. However, within 10 min after the rapid temperature elevation, all nuclei examined contained extensive condensed chromatin and striking nuclear inclusions consisting of bundles of parallel-oriented filaments. Filaments have been described previously in oomycete nuclei (6, 17) ; for example, they have been noted in colchicine-treated cells (24) , although in these previous reports the filaments were not as extensive and their reported diameters were generally larger (7 to 15 nm) than those found here (4 nm).
Bundles of intranuclear filaments very similar in appearance to those reported here have been found on incubation of rat kangaroo PtK2 tissue culture cells with either dimethyl sulfoxide (DMSO) or the ionophore A23187 in the presence of high levels of magnesium (22) . DMSO also induces strikingly similar intranuclear filament bundles in nuclei of the slime mold Dictyostelium (8, 9) . In the PtK2 cell line, immunofluorescence microscopy demonstrated that the DMSO-induced filaments contained actin but not tropomyosin, a-actin, or myosin (22) . In Dictyostelium nuclei, the DMSO-induced microfilaments could be decorated with heavy meromyosin, and this binding could be reversed by magnesium-adenosine triphosphate, demonstrating that the filaments contained actin. The chemical nature of the intranuclear filaments induced by heat shock in A. ambisexualis is not known as yet. However, heat shock-induced alterations in the behavior of Achlya 43-kd actin-like proteins have been reported by us previously (29, 30) . Silver et al. (29) noted that at early times (20 to 60 min) during heat shock, an abundant [35S]methionine-labeled 43-kd actin-like protein appeared to be rapidly translocated from the cytoplasm to the nucleus. In the experiments presented here, a 43-kd phosphoprotein which coisolated with histones appeared more highly phosphorylated with heat shock than in controls (Fig. 2) . The presence of these actin-like proteins in both the acid-soluble (this report) and acid-insoluble (29) fractions of nuclei may be due to cross contamination.
Alternatively, they may represent differently modified or different amino acid sequence variants of an actin family of proteins, or they may be unrelated polypeptides of similar molecular weight. It is not immediately clear what treatments such as heat shock, DMSO, and incubation in ionophore A23187 have in common. These treatments might possibly cause the expression of genes coding for variant forms of actin or result in post-translational modifications of actin. It also seems likely that some movement of cytoplasmic actin into the nucleus occurs (22) . Such events may be involved in the observed changes in nuclear morphology. A group of 30-to-32-kd basic nuclear proteins exhibited decreased 32p labeling with heat shock. Proteins which showed similar heat shock-induced changes and which had electrophoretic behavior identical to the 30-to-32-kd nuclear proteins could be isolated from Achlya ribosomes. In tomato cell cultures (26) and in Drosophila melanogaster (11, 21) , 30-kd basic phosphoproteins which are dephosphorylated with heat shock were identified as the tomato and Drosophila equivalents, respectively, of mammalian ribosomal protein S6. Since ribosomal particles are partially assembled in the nucleus (19, 33) , it is possible that the 30-to-32-kd phosphoproteins observed in Achlya nuclei include proteins with functions similar to ribosomal protein S6.
Histone phosphorylation in higher eucaryotes and in the slime mold P. polycephalum has been correlated primarily with mitotic chromosome condensation. In CHO cells both histones Hi and H3 become rapidly phosphorylated at the time cells cross the G2/M boundary of the cell cycle (13, 14) . Histone phosphorylation is thought to be involved in either the mechanism which triggers the chromosomes to condense or the maintenance of the mitotic chromatin in the condensed form.
A. ambisexualis grown at the control temperature of 28°C shows only low levels of phosphorylation of histones H3.1, H3.2, and a. Histones H4 and H2A are not observed to be phosphorylated even on overnight labeling with 32p, (unpub- lished data). The low levels of histone phosphorylation seen in controls may be due to the fact that under these conditions Achlya nuclei may undergo mitosis, although it should be noted that Achlya chromatin, like that of the related oomycete Saprolegnia ferax (15) and also the yeast Saccharomyces cerevisiae (12, 24) , does not condense during mitosis. With heat shock, the phosphorylation of Achlya histone H3.1 and that of histone a appeared to increase markedly, and the chromatin was found to condense.
The mechanism by which heat shock causes the apparent increased labeling of histones H3.1 and a is not known. These changes do not appear to be due to a generalized increase in p uptake into nuclei or a generalized decrease in turnover since the increased labeling appears to be selective. For example, the labeling of only two of the five Achlya histones (H3.1 and a) increased, whereas the labeling of histone H3.2 decreased. Also, although the labeling of the 43-kd protein increased, that of the 30-to-32-kd group decreased as did the labeling of several other higher-molecularweight proteins. Determination of whether the increased labeling of Achlya histones H3.1 and a results from a selective decrease in turnover of these two histones owing to the heat shock treatment will have to await further study. Coincident with the changes in nuclear protein phosphorylation, the bulk of the heat-shocked chromatin showed a decreased sensitivity to DNase I digestion relative to control chromatin, whereas a smaller fraction (up to 20%) of the heat-shocked chromatin became slightly more sensitive to the enzyme than the controls. Increased DNase I sensitivity of chromatin has frequently been associated with increased gene activity (10, 35, 36) . Similarly, decreased DNase I digestibility and chromatin condensation have been correlated with decreased gene activity (4, 10, 31, 35, 36) . One hypothesis to explain our observations might be that the increased sensitivity to DNase I at low-percent digestions reflects an increased transcription of the heat shock genes and that the decreased sensitivity of the heat-shocked chromatin at high-percent digestions corresponds to the observed condensation of the bulk of the chromatin and to a concomitant decrease in the transcription of most of the fungal genome.
Condensation of chromatin with heat shock could provide a mechanism of protection to either reduce possible errors in transcription which might occur at the higher temperature or to protect the chromatin in some way or both. It is of interest that Arrigo (1) reported that Drosophila chromatin becomes less acetylated and more difficult to shear after heat shock. These results suggest that chromatin condensation in response to heat shock may not be unique to Achlya and might occur also in organisms such as Drosophila.
